We report on the non-linear in-plane electrical transport in coherently grown [La 0.7 Sr 0.3 MnO 3 /SrTiO 3 ] multilayers with ultrathin (< 3 nm) single layers.
Another scenario of competing double exchange and superexchange is found at surfaces of ferromagnetic manganites 8 . In the first two or three layers of perovskite cells (of ∼3.9Å height), reduced lattice symmetry at the surface suppresses the DE. This probably causes the semiconducting nature of ultrathin (≤ 2 nm) manganite films, even if epitaxial strain is very low (0.1%) 9, 10 . Thin films can be positioned in an epitaxial multilayer, where their lattice structure and magnetization can be evaluated more precisely.
Recent work on charge-ordered Pr 1−x Ca x MnO 3 (x = 0.3 to 0.5) crystals 11, 12 and chargeordered thin films of several x = 0.5 compounds 13, 14 has demonstrated the induction of metallic conductivity by application of an electric field or by creation of carriers via irradiation with light or x-rays 11 . A metallic path develops through the charge-ordered background, (Fig. 2b) . The non-linear behavior can be characterized as follows: For low currents, the resistance decreases with increasing current. Thus, the enhancement of the conductance is a consequence of current flow. However, for currents above a threshold value, the resistance increases. This is also obvious in the I-V characteristics (example in Fig. 3 ), where a hysteretic switching towards higher voltage is seen at a switching current I 0 , after a gradual increase of the differential conductance dI / dV below I 0 . Striking jumps have also been observed in ρ ef f (T) curves ( is much lower than expected for the Mn spins being collinear (91 emu g −1 ). In order to check the magnetic response to current, the magnetization M has been measured under applied current. Within an accuracy of better than 0.2 %, there was no systematic change of the magnetization in dependence on the applied current (not presented in a figure). In particular, no anomalies of M are associated with the conductance jumps. This result rules out a magnetic coupling phenomenon of adjacent manganite layers 20 , as well as a phase transition, since both would be reflected in a change of magnetization. Thus, the striking variations of conductance do not significantly affect the magnetic order of the sample volume.
Instead, assuming a magnetic phase separation for the ultrathin manganite layers, as it is also suggested for the interface region by recent tunneling experiments 3 , the electrical transport seems to be dominated by metallic paths within the manganite layers. These paths will be interrupted by nm-size high-resistance "barriers" if the thickness of the manganite layers is slightly below the value where percolation appears. For the current-induced increase of conductance, an aligning of Mn spins within the barriers, mediated by a spin-polarized current of high density seems likely. Also, magnetic coupling of ferromagnetic clusters via the spin current 15,20 might be involved. Current-dependent switching of a manganite cluster surrounded by ferromagnetic manganite layers has been described in that way recently 16 .
The microscopic origin of the observed polarizing effect of current needs further clarification.
In the following we suggest a mechanism explaining the effect of larger currents to reduce the conductance. Assuming a dominating role of small barriers (with reduced magnetic order resulting in increased resistivity) within the conduction path, the thermal energy produced by the current at these barriers might be substantial. The temperature profile within the manganite layers depends on the distribution of both, the dissipated energy density and the thermal conductivity; furthermore, it also depends on the substrate temperature. When either heat dissipation becomes large enough or thermal conductivity becomes low enough that the local temperature approaches the (local) T C , the resistivity of the considered barrier strongly increases. As an example, for a local resistivity of 10 Ωcm within a barrier of (2.5 nm) 3 in extension and a thermal conductivity of 1 W K −1 m −1 for the manganite 21 , a current of 500 nA would produce a temperature difference of ∼40 K to the environment.
Therefore, the thermal effect is unlikely in single films: The thermal resistance from the barrier to the sample surface (typically being at He atmosphere during measurement) would be much smaller. Furthermore, the thermal effect of current shows an inherent tendency to produce switching of the conductance, being well-known as "thermal switching" 22 . The strong rise of the resistance of metallic manganites when T C is approached from below 1 might well result in a process where a cluster switches from the low-resistance metallic state to the high-resistance semiconducting state due to Joule microheating. The existence of 5 threshold values for the current or the sample temperature can be expected. The magnitude of the resulting resistance jump will depend on how much the concerned switching barrier contributes to the resistance. The mechanism of thermal switching provides a consistent explanation of the discontinuous changes of conductance in our data. In particular, the ρ ef f jump observed at 55 K in Fig. 2b can be ascribed to the reduced thermal conductivity at low temperatures. It is important to note that, in contrast to the current-induced formation of a metallic path, the thermal effect is always characterized by dρ ef f /dI > 0.
Now we turn to the results of transport in an external magnetic field H. In the whole temperature range, from 5 K to 250 K, a large magnetoresistance (MR) in a field of 5 T is observed, as can be expected from the reduced magnetic order in the manganite layers.
Concerning the field dependence of the transition temperatures, an interesting observation is made: While the metal-insulator transition (if any) shows the usual shift towards higher temperatures in a magnetic field, the temperature T 0 of the conductance jump decreases.
Consequently, a large positive MR is found in a range below T 0 for metallic-like samples (Fig. 2a) . The MR for this peculiar case will be described later. In the high-resistance state, the observed negative MR shows a hysteretic switching (Fig. 4a ) in a certain range of current. Most measured resistance loops R(H) are reproducible for repeated field cycling, e.
g. the loop in Fig. 4a , where the resistance reproducibly switches by a factor of 8 in a field of 20 mT. Moreover, switching fields H S increase with current (dH S / dI > 0, compare also I-V curves under magnetic field, Fig. 3 ). This agrees with the above discussed general rule that larger currents stabilize the high-resistance state. The latter property is also found for the striking positive MR obtained just below T 0 for metallic-like samples (Fig.4b) . The hysteretic switching towards large resistance in high magnetic field has been observed for several samples at appropriate current. As expected, it is characterized by dH S / dI < 0, in contrast to the switching with negative MR. The strong sensitivity to current is worth noticing: H S varies by more than 1 T at a 10 % change of I. The function of H S (I) is roughly linear for both types of switching, with positive or negative MR.
The discussion of the striking field effect on the non-linear transport remains hypothetical at present. It is known that the magnetic field enhances the magnetic order of the Mn core spins everywhere throughout the sample volume. Thereby, an insulator-to-metal transition can be induced, without any additional effect of current 23 . (In this case, transition fields should be insensitive to current.) Also for the non-linear transport, the changes of size and distribution of the metallic phase brought about by the field 5 will be essential. Probably, the local current density j at the conductance path will be reduced due to the increased magnetic order. Thereby, a thermal effect being proportional to j 2 would be more suppressed than a polarizing one. This might contribute to the stabilization of the low-resistance state in a magnetic field (case of 
